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ABSTRACT
SEEING THROUGH THE OTTAWAN OVERPRINT, ADIRONDACK MTNS, NY:
INTEGRATING MICROSTRUCTURAL ANALYSIS, GEOTHERMOBAROMETRY,
AND IN-SITU MONAZITE PETROCHRONOLOGY

FEBRUARY 2020
JUSTIN MISTIKAWY, B.S., BOSTON COLLEGE
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Michael L. Williams
Integrating field observation with petrochronology is critical for understanding the
tectonometamorphic evolution of the North American Grenville Province. Despite
methodological advances in geothermobarometry and geochronology, incorporating these
data into larger models of the Adirondack Mountains remains particularly challenging due
to the presence of multiple generations of deformation, primarily related to the ca. 1190 –
1140 Ma Shawinigan and ca. 1090 – 1020 Ma Ottawan Orogenies (McLelland et al.,2013).
The Rock and Bear Ponds area is a dome of tight-to-isoclinally folded metapelites in
structural contact with orthogneiss. Fold generations are orthogonal and partitioned such
that the northern area is dominated by an earlier episode of D2 deformation and an E-W S2
fabric and the southern by D3 deformation and a N-S S3 fabric. Observed assemblages
include Qtz + Pl + Kfs + Bt + Sil + Grt + Gr ± Py ± Mnz ± Zr in metapelite and Hbl + Pl
+ Grt + Qtz + CPx ± Ilm in metagabbro. Metapelitic garnet is anhedral and overgrows a
strongly transposed S1 fabric. A population of small high-Y monazite cores are associated
with S1 and yield a mean weighted date of 1174 ± 5 Ma. Monazite observed in S2-defining
phases and matrix have very high-Y & HREE cores that yield dates of 1068 ± 7 Ma and
are surrounded by low-Y & HREE mantles (1048 ± 4 Ma) with irregular high-Y rims (1023
vi

± 6 Ma). These data suggest garnet growth followed the transposition of a strong
Shawinigan S1 fabric during D2 and D3 folding events, ca. 1090 – 1070 Ma. The timing of
this shortening is interpreted to coincide with the early Ottawan Orogeny, ca. 1090 – 1050
Ma. Geothermobarometric calculations of S2-associated phases constrains peak
metamorphic conditions to 700 – 750 ± 50 °C and 6.5-7.5 ± 1 kbar; these data are well in
agreement with those reported in multiple studies, thereby suggesting that regional PT
calculations reflect Ottawan tectonometamorphic conditions (Bohlen et al., 1985; Spear &
Markussen, 1997; Storm & Spear, 2005). High-Y & HREE rims are also observed and
interpreted to reflect garnet breakdown ca. 1050 – 990 Ma during decompression and
orogenic collapse, which has become increasingly reported in the eastern Adirondack
Mountains over the last decade (Wong et al., 2012; Chiarenzelli et al., 2017; Regan et al.,
2019; Williams et al., 2019). The Mesoproterozoic metapelite of the Rock and Bear Ponds
area record an intense polydeformational history and therefore provide a valuable window
into episodic middle-to-lower crustal deformation and metamorphism. The integration of
focused microstructural observation with geothermobarometric and timing constraints has
provided much insight into the structural evolution of the Adirondack Mountains.
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CHAPTER 1
INTRODUCTION

It has been long accepted that many metamorphic terranes, including the
Mesoproterozoic Adirondack Mountains, NY, USA, preserve polydeformational histories
involving multiple generations of thrusting, folding, fabric development, and partial
melting (McLelland et al., 2013; Baird & Shrady, 2011; Regan et al., 2019; Williams et al.,
2019). Ascribing deformational components and metamorphic assemblages to tectonic
events is critical for building robust tectonic models and understanding middle-to-lower
crustal evolution. Seeing through metamorphic overprints can be difficult and requires
careful observation across multiple spatial scales. The integration of high-resolution field
data with detailed microstructural analysis and petrochronology is critical for identifying
and isolating structural domains and relating deformation to specific orogenic events.
Compositional mapping is a valuable tool for exploring the relationships between
microstructures, metamorphic reactions, and PT conditions (Williams et al., 2006, 2007,
2017; Jercinovic et al., 2008). The integration of traditional geology with improved
analytical techniques, instrumentation, and geothermobarometric calibrations is necessary
for fully characterizing polydeformational terranes and the episodic metamorphic histories
they preserve.
The Adirondack Mountains (Fig. 1) are one of the world’s most studied
amphibolite- to granulite-facies terranes (Smock, 1889; Bastin, 1910; Alling, 1917;
Buddington, 1939, 1969; Bohlen et al., 1985, 1987), yet absolute timing constraints of
deformation with respect to regional tectonometamorphic events are lacking. Despite
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focused petrogenetic and large-scale tectonic studies, the structural evolution of the
regional Grenville Orogenic Cycle remains enigmatic, especially in the Adirondack
Highlands where the temporal progression of deformation and nature of metamorphic
overprinting remain especially unclear (Regan et al., 2015; Chiarenzelli et al., 2017;
McLelland et al., 2013).
In order to constrain the timing and conditions of deformation and metamorphism
in the Adirondack Highlands, the Rock and Bear Ponds area (RBPA), a well-exposed
region southeast of the Marcy Anorthosite massif, was characterized and mapped at a fine
scale. Structural relationships and mapping informed sample collecting, petrographic
investigation, and a field-oriented model of deformation and metamorphism.
Deformational fabrics and metamorphic assemblages in graphitic metapelite and
amphibolite were characterized optically and with electron probe microanalysis (EPMA)
including multi-scale compositional mapping, quantitative mineral analysis, and in-situ UTh-Pbtotal monazite geochronology following the methods of Williams et al. (2017). The
application of several geothermobarometers, including Garnet-Hornblende-Plagioclase
geobarometry (Kohn & Spear, 1989), Garnet-Aluminosilicate-silica-Plagioclase (GASP)
geobarometry, and Ti-in-biotite geothermometry (Wu & Chen, 2015), yielded PT data
consistent with those reported in the Bohlen et al. (1985) compilation of regional
metamorphic conditions.
The integration of these new data with microstructural observation suggests that the
preserved metamorphic assemblages may primarily reflect effects of the ca. 1090 – 1020
Ma Ottawan Orogeny. Just a few km south of the RBPA, Williams et al. (2019) described
extensive migmatitic metapelite and present evidence for considerable ca. 1190 – 1140 Ma
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Shawinigan-related partial melting. The absence of migmatite and the otherwise pervasive
ca. 1050 Ma Lyon Mountain Granite (Valley et al., 2010) in the RBPA further affirms the
structural heterogeneity of the eastern Adirondack Highlands and the need for better
structural data, closer field mapping, and the integration of detailed compositional mapping
and in-situ geochronology.

Figure 1. North American Grenville Province & Adirondack Mountains. After Baird &
Shrady (2011).
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CHAPTER 2
GEOLOGIC BACKGROUND

2.1. Introduction: The Adirondack Mountains
The Adirondack Mountains, NY, expose ~23 thousand km2 of middle-to-lower
crustal rocks (Fig. 2) that provide a valuable window into ancient orogenic deformation
and metamorphism. This region contains a diverse assembly of metamorphic rocks and
plutonic bodies that are temporally variable and compositionally diverse (Regan et al.,
2015). The Adirondack Mountains are generally subdivided on the basis of metamorphicgrade into the Adirondack Lowlands and Adirondack Highlands (McLelland et al., 2013).
These terranes are separated by the Carthage-Colton Shear Zone, which dips 45° NW and
is interpreted to display oblique normal motion at ca. 1050 Ma and possibly older eastward
thrusting (Cawood & Pisarevsky, 2017; Chiarenzelli et al., 2011; Baird & Shrady, 2011).
The following sections offers a brief summary of the observed rock types, reported tectonic
events, and regional metamorphic history of the Adirondack Highlands.
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Figure 2. General geologic map of the Adirondack Mountains. After Chiarenzelli et al.
(2017). Anorthosite in yellow; ca. 1150 Ma igneous bodies (MCG Suite) in green, ca.
1050 igneous bodies (LMG) in light purple; Arc-affinity rocks in brown and orange;
metasediments are in dark grey
2.2. Lithology & tectonic history of the Adirondack Mountains
Three tectonic events are generally recognized in the Adirondack Mountains. These
events are the (1) ca. 1245 – 1220 Ma Elzevirian Orogeny; (2) ca. 1190 – 1140 Ma
Shawinigan Orogeny; and (3) 1090 – 1020 Ma. Ottawan Orogeny (Fig. 3; Chiarenzelli et
al., 2010, 2011; McLelland et al., 2013; Regan et al., 2015). Collectively this series of
orogenies is referred to as the Grenville Orogenic Cycle (Rivers, 2008). A phase of ca.
1000 – 980 Ma metasomatism and pegmatite emplacement is also recognized in the
Adirondack Highlands (Lupulescu et al., 2011; Valley et al., 2009). Prior to tectonism, the
region is interpreted to have undergone arc and back-arc rifting along its southern margin.
5

This facilitated the development of two large basins, commonly referred to as the Central
Metasedimentary Belt Basin and Trans-Adirondack Basin (Chiarenzelli et al., 2010;
McLelland et al., 2013). The closure of these basins during segmented deformational
events manifests itself as the various metamorphic terranes and plutonic bodies exposed
across the Adirondack Mountains today.
The oldest rocks in the Adirondack Highlands include tonalite and granodiorite of
the Dysart-Mount Holly Suite, and are interpreted to have formed during the arc rifting
events which predeceased the Grenville Orogenic Cycle (McLelland et al., 2013).
Prominent components of this calc-alkaline complex include interlayered amphibolite,
pyroxene-hornblende tonalite, granodiorite, and charnockite (Baird & Shrady, 2011).
Although strongly deformed, anhydrous quartzofeldspathic assemblages in tonalite are
interpreted to preserve original mineralogical textures and zircon, which has been dated to
1330 – 1307 Ma; the related charnockite and granite of the complex contain much younger
zircon, and have been dated to 1248 – 1243 Ma (McLelland et al., 2013). Similarities in
trace elements amongst metasedimentary layers of the Mount Holly Complex in VT and
those in the eastern Adirondacks Highlands suggest that these regions may have shared a
depositional environment between 1330 – 1220 Ma, as constrained by analyses of detrital
zircon in the Irving Pond and Swede Mountain quartzites (Heumann et al., 2006; Peck et
al., 2019). Despite limited exposure, the presence of these arc-affinity rocks has important
implications for understanding the onset of the earliest orogenic event recognized in the
Adirondack Mountains, the ca. 1245 – 1220 Ma Elzevirian Orogeny (McLelland et al.,
2013).
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The Elzevirian Orogeny has been interpreted as a phase of calc-alkaline
magmatism, continental growth, and widespread metamorphism along southern Laurentia
(Fig. 3A; McLelland et al., 2013). Elzevirian-related rocks are found in the western
Adirondack Lowlands, and are tholeiite basalt overlain by a highly deformed sequence of
volcanic and volcanoclastic rocks (McLelland et al., 2013). This package is intruded by the
tonalitic ca. 1270 Ma Elzevir Pluton (McLelland et al., 2013). Eastward of the Elzevir
Pluton are interbedded calc-alkaline volcanics and carbonates, quartzites, and
volcaniclastics deposited ca. 1280 – 1270 Ma during the accumulation of individual arc
systems into what is currently recognized as the Adirondack Lowlands as suggested by
McLelland et al., (2013) and others (Chiarenzelli et al., 2011; Carr et al., 2000). The
Elzevirian Orogeny is accepted as the earliest tectonic event preserved in the Adirondack
Mountains (McLelland et al., 2013; Chiarenzelli et al., 2017; Wong et al., 2012), however
related deformational fabrics have not been widely recognized in the Adirondack
Highlands, unlike those related to subsequent orogenic events (McLelland et al., 2013;
Regan et al., 2019; Chiarenzelli et al., 2010, 2017).
The ca. 1190 – 1140 Ma Shawinigan Orogeny has been interpreted as the first major
tectonometamorphic event in the Adirondack Highlands, yet the extent and mode of its
associated deformation remain somewhat uncertain (McLelland et al., 1996, 2004, 2013;
Chiarenezelli et al., 2010). Numerous studies recognize an early ca. 1190 – 1160 Ma
contractional phase, which is interpreted to have resulted in upper-amphibolite to granulitefacies metamorphism, considerable anatexis, and syntectonic plutonism (McLelland et al.,
2013; Regan et al., 2019; Williams et al., 2019). Chiarenzelli et al. (2017) suggested that
early Shawinigan deformation was associated with the closure of the Trans-Adirondack
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Basin. This ultimately led to the obduction of the ophiolitic Pyrites Complex and the
accretion of the Adirondack Highland terrane to Laurentia (Fig. 3B; Chiarenzelli et al.,
2011; McLelland et al., 2013). Kinematic indicators in the ca. 1160 Ma Diana Syenite
Complex suggest that the Adirondack Lowlands were thrusted to the east over the
Adirondack Highlands along a suture corresponding to the modern-day Carthage Colton
Shear Zone (Fig. 3C; Baird & Shrady, 2011). Fabrics and folds associated with the
Shawinigan orogeny are recognized in the Adirondack Lowlands, but are more difficult to
interpret in the Adirondack Highlands due to later tectonic overprinting (Cawood &
Pisarevsky, 2017; Regan et al., 2015; Heumann et al., 2006).
Following the main contractional period of the Shawinigan Orogeny is the
emplacement of the extensive ca. 1160 – 1140 Anorthosite-Mangerite-CharnockiteGranite (AMCG) Suite of plutonic bodies (Fig. 3D; Regan et al., 2015). Anorthosite in the
Adirondack Highlands is commonly interpreted as having been emplaced during a single
event (Regan et al., 2011; McLelland et al., 2013; Peck et al., 2018), although, Aleinikoff
& Walsh (2019) suggested a second phase of anorthosite emplacement ca. 1040 – 1020 Ma
based on SHRIMP analysis of zircon collected from the deformed western lobe of the
Marcy massif. Chiarenzelli et al. (2017) hypothesized that lithospheric delamination
occurred ca. 1160 – 1150 Ma and resulted in asthenospheric upwelling, the ponding of
mafic melt, and extensive magmatism.
The 70 x 50 x 7 km Marcy anorthosite massif dominates the AMCG suite and is
located at the approximate center of the Adirondack Mountains. It is composed of igneous
clinopyroxene, orthopyroxene, and intermediate plagioclase (andesine-to-labradorite). The
Marcy anorthosite is typically described as massive, however deformational fabrics have
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been reported along its margins (Peck et al., 2018; Regan et al., 2019). Sensitive highresolution ion microprobe (SHRIMP) and multigrain thermal ionization mass spectrometry
(TIMS) analysis of zircon hosted in cross-cutting ferrogabbro, ferrodiorite, and olivine
metagabbro in anorthosite massifs yield dates of 1154 ± 6 Ma while zircon from the
granitoid members of the AMCG Suite yield older dates of 1158 ± 5 Ma (McLelland et al.,
2004). Despite the overlap, these rocks have not been interpreted as comagmatic due to
observations of compositional transition zones in the field and mineral disequilibria that do
not favor derivation from a single source (McLelland et al., 1996, 2004). The older
mangerite and charnockite have been interpreted by McLelland et al. (1996) to have
originated as lower-crustal partial melts and pyroxene-plagioclase restite. The mixing of
this restite with ponded mantle-derived gabbroic melts produced parental bodies to the
anorthositic plutons of the Adirondack Highlands (McLelland et al., 2004). Regan et al.
(2011) suggested that spatially-related metagabbro may be parental to AMCG anorthosite.
As a whole, the AMCG Suite represents an extensive and diverse phase of ca. 1150 Ma
magmatism.
The Ottawan Orogeny is the last penetrative deformational event recognized in the
Adirondack Highlands and has also been subdivided into two phases by many geologists
(Selleck et al., 2005; Wong et al., 2012; Regan et al., 2015, 2019; Williams et al., 2019).
An early contractional phase, ca. 1090 – 1070 Ma, is recognized and traditionally
interpreted as the result of continent-to-continent style collision (Fig. 3E; Dalziel, 1991,
1997; McLelland et al., 2013; Cawood & Pisarevsky, 2017). Compelling evidence from
in-situ monazite petrochronology, structural observation, and strain analysis of metapelite
and gneiss collected across the eastern Adirondack Highlands suggest that the latter phase
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of the Ottawan Orogeny involved ca. 1050 – 1020 Ma syntectonic orogenic collapse (Fig.
3F; Wong et al., 2012; Regan et al., 2019). This gravitationally-driven collapse may have
allowed for decompression, regional melting, and the emplacement of the extensive A-type
Lyon Mountain Granite (LMG) (Teyssier and Whitney, 2002; Wong et al., 2012;
McLelland et al., 2013; Chiarenzelli et al., 2017). A 1020 – 990 Ma stage of reheating and
metasomatism is recorded in zircon and monazite rims across the Adirondack Highlands
(Chairenzelli et al., 2017; Valley et al., 2010, 2011). Ca. 1000 Ma tectonism is preserved
in the Canadian Grenville Province, and is referred to as the Rigolet Orogeny (Rivers,
2008).
The ~1050 Ma LMG outcrops abundantly across the Adirondack Highlands and is
also described along the Carthage Colton Shear Zone (Baird & Shrady, 2011; Regan et al.,
2015). It is minimally exposed in the center of the terrane, and has not been identified in
the Adirondack Lowlands (McLelland et al., 2013). Historically mined magnetite-apatite
(Kiruna-type) ore deposits are spatially related-to and hosted in LMG and may be of future
economic interest due to high rare earth element (REE) abundances in apatite (Smock,
1889; Valley et al., 2011). Cross-cutting relationships, a lack of penetrative fabrics,
intrusion along late faults, preservation of magmatic fabrics, textures, and minerals, and an
association with other late stage intrusive rocks, e.g. fayalite granites and cross-cutting
pegmatitic dikes, suggest that the LMG may be the youngest intrusive rock in the
Adirondack Mountains (Chiarenzelli et al., 2017), however original (unaltered) LMG
remains elusive and unidentified, largely owing to an extensive metasomatic history
(McLelland et al., 2002; Valley et al., 2009).
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Evidence for large-scale hydrothermal alteration of LMG is observed in both
whole-rock and mineral-scale geochemistry as well as texturally (Valley et al., 2010,
2011). A phase of K- and Na-metasomatism is recognized in perthitic LMG associated with
magnetite-apatite deposits and is constrained to 1060 - 1050 Ma by U-Pb zircon
geochronology (McLelland et al., 2002; Valley et al., 2010). Valley et al. (2011) interpreted
that these metasomatic events corresponded with both a hydrothermally-facilitated
enrichment of F, Cl, & P, and the mobilization of high field strength elements, e.g. Zr, Y,
U, REE’s, in apatite. U-Pb geochronology of zircon and monazite rims in LMG indicate a
second phase of hydrothermal alteration, pegmatitic intrusion, and iron-oxide apatite ore
deposition from 1020 – 990 Ma (Valley et al., 2009; McLelland et al., 2002). These
metasomatic events coincide with what has been interpreted as a phase of syntectonic
gravitational collapse in the eastern Adirondack Highlands from 1050 – 990 Ma (Wong et
al., 2012; Regan et al., 2019). Regional fluid flow and iron-oxide apatite ore formation may
have therefore been accommodated by extensional structures that formed during this period
(Regan et al., 2019).
Multiple metapelitic units have been described across the Adirondack Mountains,
and can be spatially associated with metaplutonic bodies, including those of the AMCG
Suite and LMG (Regan et al., 2019). Generally, metasedimentary rocks in the region are
collectively referred to as Grenville Supergroup sediments (Bohlen et al.,1985; Heumann
et al., 2006; McLelland et al., 2013; Williams et al., 2019). The variability in mineral
assemblages, bulk compositions, and high-metamorphic grade of both metasedimentary
and metaigneous units observed in the Adirondack Highlands is indicative of a diverse
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tectonic history characterized by multiple phases of deformation and discrete melting
events (McLelland et al., 2013; Chiarenzelli et al., 2017; Williams et al., 2019).

Figure 3. Tectonic model for Grenvillian Orogenic Cycle. Not to scale. Abrupt breaks
indicate uncertainty of spatial extent. Note A→F is bottom up. After McLelland et al.,
(2013); Chiarenzelli et al., (2017); Hanmer, (2000).
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2.3. Metamorphic evolution of the Adirondack Highlands
Linkages between the temporal progression of metamorphism and deformation are
critical for resolving Shawinigan vs. Ottawan tectonism in the Adirondack Highlands. The
recognition of these two events further necessitates the integration of these data with
respect to absolute time. Many studies (Valley et al., 1982; Bohlen et al., 1985, 1987; Storm
& Spear, 2005) using different geothermobarometers have yielded largely consistent
calculations of regional metamorphic conditions, however the timing of these conditions
with regard to the development of deformational fabrics remains uncertain. Bohlen et al
(1985) presented regional metamorphic temperatures constrained with the magnetiteilmenite,

alkali

feldspar-plagioclase,

calcite-dolomite,

and

garnet-clinopyroxene

geothermometers. The data reveal that the highest regional temperatures of 790 – 800 °C
occurred near the center of the Adirondack Highlands (Fig. 4A). Along the northern and
southern edges of the Adirondack Highlands, calculated temperatures are cooler at 660 –
675 °C. Regional metamorphic pressures to 6.5 – 8 kbar (fig. 4B). are also constrained
through the application of pyrite-pyrrhotite-sphalerite, garnet-rutile-sillimanite-ilmenitequartz, fayalite-quartz-ferrosilite, fayalite-anorthite-garnet, ferrosilite-anorthite-garnetquartz, kyanite-sillimanite, and akermanite stabilities, see refs in Bohlen et al., (1985).
Interpreted isograds and isobars display very similar spatial distributions and suggest peak
metamorphic conditions of ~800 °C and ~7 kbar for the terrane. These peak conditions are
nearly centered on the Marcy anorthosite massif and very gradually decrease towards the
margins of the region (Bohlen et al., 1985). For the field area presented in this study, the
Bohlen et al., (1985) compilation suggests metamorphic conditions of ~675 – 725 °C and
~6.5 – 7.5 kbar.
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Metamorphic petrology and modelling have provided valuable insight into the
general tectonometamorphic conditions of the Adirondack Mountains (Bohlen et al., 1985,
1987; Spear & Markussen, 1997; Storm & Spear, 2005). Yet, further integration of these
data with precise geochronology and structural observation is necessary for fully
understanding the role of metamorphism with respect to lower-to-middle crustal behavior
during the succession of Precambrian orogenies described across the Adirondack
Highlands. Constraining the timing and conditions of metamorphic events is critical for
understanding the nature of tectonic events.
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Figure 4. Regional metamorphic conditions in the Adirondack Mountains. (A) isograds
(°C) and (B) isobars (kbar). Anorthosite is shaded in grey. Star represents location of
study area. Maps are at the same scale. After Bohlen et al. (1985).
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CHAPTER 3
MINING HISTORY OF TICONDEROGA, NY

The early history of graphite production in the US can be characterized as
experimental and sporadic, yet the American Graphite Co., intrigued by the abundance of
graphitic metapelite exposed in the eastern Adirondack Highlands, decided to pursue
commercial activity in the region and established several fully functional operations by the
turn of the 20th century (Alling, 1917). The most extensive excavation occurred at the
Dixon mine in Hague, NY, where 150 – 180 tons of ore were milled per day from 1890 –
1915 (Bastin, 1911; Alling, 1917). Economic interest spread to nearby towns, including
Ticonderoga, NY, where two intriguing properties allured eager prospectors and
development. A map of these properties is presented in Fig. 5.
The Bly and Rock Pond properties are hosted in the township of Ticonderoga, NY.
Each property exposes sub-vertically dipping quartzo-feldspathic paragneiss with 6 – 7%
graphite (Bastin, 1911). The Bly Property extends from southwest of Bear Pond to the
western slope of Bear Pond Mountain. Several prospect pits were cut around Bear Pond
Mountain and the geology was initially mapped by Ogilvie (1904). Pits were cut close to
the contact of the Bear Pond schist and amphibolite-metagabbro and roughly follow the
trace of an eastward plunging antiform. Graphite occurs primarily as fine flakes associated
with biotite in the quartzofeldspathic Bear Pond schist. The low concentration of graphite
and competence of the host schist deterred fruitful mining operations on the Bly Prospect.
Pits remained solely exploratory and to this today remain as small, 1 – 4 m deep, incisions
in exposed outcrop of steeply dipping quartzofeldspathic schist.
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Just south of the Bly Property, mining was relatively successful at the Rock Pond
mine. The property was first developed in 1901 by the Gray Brothers. In 1902, a ten-stamp
mill with a daily graphite production capacity of 3000 pounds was built along the edge of
Rock Pond. Ore was placed onto carts, hauled on tracks, crushed, sifted by a combination
of sieving and flotation, and sent off to Ticonderoga for commercial export (Alling, 1917).
From 1903 – 1906, the mine was operated by the Ticonderoga and Columbia Graphite
companies respectively.
Outcrops near Rock Pond expose steeply dipping foliations and are strongly
weathered, friable, and rusty. Graphite occurs minimally (< 2%) in the host rock, a finelygrained quartzofeldspathic and pyritic gneiss, however small (< 1 cm thick) layers of
concentrated graphite do exist. Pyrite is abundant (7 – 40%) in 5 – 10 cm thick veins and
small layers; additional sulfide phases include pyrrhotite, galena, and sphalerite. Overall,
the average ore contains more pyrite than graphite, however graphite was the only mineral
saved after processing (Alling, 1917). The pyritic gneiss is primarily exposed as the hinge
of an upright isoclinal antiform crosscut by a vertical fault along its eastern limb. Operation
ceased in 1906 due to the juxtaposition of the ore with the aforementioned fault (Alling,
1917). Abandoned workings extend deep into the hinge of the fold and include a large
drainage tunnel that leads to the northern shore of Rock Pond.
Despite the initial interest in the Bly and Rock Pond Prospects, graphite mining in
Ticonderoga did not persist past the 1920’s. The intergrown nature of biotite and graphite,
high mica content, and low abundance of graphite in both the Bly and Rock Pond prospects
proved too difficult to efficiently separate by sieving and water flotation, the common
refining practices of the time. The steep dip of both units also made mining operations
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difficult, labor-intensive, and dangerous. Infrastructure was also poorly developed along
each property. Roads were rough and the nearest train station was more than 5 km away,
making large-scale production, maintenance, and shipping unsustainable (Alling, 1917).
Although graphite mining ultimately failed in Ticonderoga, its township still hosts many
valuable exposures of middle-to-lower crustal rocks that provide much insight into the
tectonic evolution of the eastern Adirondack Highlands and Mesoproterozoic North
America.
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Figure 5. Historic mining prospects & hill shade in study area. DEM data from USGS.
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CHAPTER 4
METHODS

4.1. Field & structural methods
The Rock and Bear Ponds area (RBPA) encompasses ~4 km2 of Pharaoh Lake
Wilderness near the Putnam Pond Campground in the township of Ticonderoga, Essex Co.,
NY. The purpose of field work was to map geologic contacts and carry out a structural
analysis (Fig. 6). Prior work by Ogilve, (1904), Bastin, (1911), Alling, (1917), and Walton,
(1960) provided background into the rock types and structural relationships in the area.
Field work was conducted between May and October, 2018. Sample locations were
recorded with FieldMove™ and outcrop/lithologic contacts were recorded on a 3-m
contoured topographic map (1:3000). Structural data were measured with a Brunton
Compass and FieldMove™ (declination = 14.5° W). Lithologic contacts and outcrops were
georeferenced, compiled, and digitized in open-source GIS (QGIS). The locations, rock
types, and structural orientation of collected samples are presented in table 1.

Table 1. Sample Locations, structural data, & rock types
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4.2. Petrography & microstructural analysis
Careful petrographic observation and scanning electron microscopy (SEM) were
critical for initially characterizing samples and determining phases for quantitative WDS
analysis. Multiple samples of metapelite (JM18-001, JM18-014, JM18-044, JM18-057,
JAM-149) and orthogneiss (JAM-049, JAM-059) were prepared for petrographic and
microstructural analysis. Standard and doubly polished thin sections were made from
oriented samples by Spectrum Petrographic and in house at the University of
Massachusetts Amherst. When possible, billets were prepared normal to foliation and
parallel to lineation in order to evaluate kinematic indicators. Following sufficient optical
investigation, thin sections were prepared for compositional mapping and quantitative
determination and coated with 20 nm of carbon (graphite).

4.3. Compositional mapping & quantitative methods
Full section compositional maps were obtained in order to examine metamorphic
phases and highlight micro-textures. All electron probe microanalyses (EPMA) were
conducted at the University of Massachusetts Amherst. The Cameca SX-50, SX-100, and
SX-Five electron probes were used and operated with a step size of 35 μm, dwell time of
25 ms, beam current of 200 nA, and voltage of 15 kV. Mg kα, Ca kα, and K kα X-Ray
maps were specifically collected in order to examine the microtextural positions and
textures amongst primary silicate phases including biotite, feldspar, hornblende, and
garnet.
These phases were then quantitatively analyzed in several samples of amphibolite,
Bear Pond Schist, and Catamount Schist. The obtained compositions were utilized for
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several independent geothermobarometric calculations. Major element data were obtained
in weight percent oxide and measured relative to well-constrained reference materials
including Gore Mountain garnet, Pearly Gate’s plagioclase (labradorite), microcline, and
phlogopite. High-resolution traverses of garnet, feldspar, and hornblende were employed
in order to discern the extent of compositional heterogeneity and zoning. Whole rock data
was also obtained for select samples with X-Ray fluorescence and ICP-MS of powder
conducted by Bureau Veritas, NV.

4.4. Geothermobarometry
Standard oxide weight percentages determined with the Cameca Sx-Five electron
probe were converted to cations on a 12, 8, 23, and 22 O-basis for garnet, plagioclase,
hornblende, and biotite respectively. Corrections for ferrous vs. ferric iron in hornblende
were determined after Schumaker (1991), otherwise Fetotal was assumed to be ferrous.
Geothermobarometers were carefully chosen based on observed mineral assemblages and
calibration ranges, which were ensured to be through conditions reported for the
Adirondack Highlands (Bohlen et al., 1985; Spear & Markussen, 1997; Storm & Spear,
2005).
Calculations of metamorphic temperature were made using Ti-in-Biotite
geothermometry after Wu & Chen (2015), which is specifically calibrated for high-grade,
high-Ti (> 5 wt. %), graphitic metapelites. Metamorphic pressure was calculated with
Garnet-Hornblende-Plagioclase geobarometry in amphibolite (Kohn & Spear, 1989) and
(in pelitic rocks) GASP geobarometry. Activities of aluminosilicate (Sil) and silica (Qtz)
in metapelite were assumed to be 1 for pressure calculations made with the GASP
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geobarometer. The graphical intersection of these geothermobarometric calculations is
interpreted to constrain the region of PT space in which the analyzed metamorphic phases
equilibrated. The contribution of compositional variability and machine error are not
accounted for in presented calculations, the errors associated with calibration curves are
presented, and are more thoroughly discussed below.

4.5. In-situ geochronology & compositional analysis of monazite
In order to interpret the timing of metamorphic reactions and constrain the timing
of penetrative-fabric development, in-situ compositional analysis and U-Th-Pbtotal
geochronology of monazite were conducted with the Cameca SX-100 Ultrachron electron
probe following the procedure of Williams et al. (2006, 2017) and Jercinovic et al. (2008).
A 20 nm Al coat was applied to polished sections before U-Th-Pbtotal determination and
compositional analysis. Individual monazite grains were identified with a Ce Lα full-thinsection compositional map, verified with SEM observation, and lastly mapped at a high
resolution with a < 0.5 μm step size, dwell time of 100 ms, and 200 nA beam current. Y
Lα, Th Mα, U Mβ, and Ca kα maps were collected in order to observe compositional
heterogeneity and guide electron microprobe spot (~ 2 μm in diameter) location for U-ThPbtotal analysis. Maps were saved as 32-bit .tif files and simultaneously processed in order
to maintain consistent intensity map-to-map. Y Lα and Th Mα maps for analyzed grain are
presented in Appendix A.
A comprehensive description of the methods for in-situ monazite geochronology
followed in this dissertation is available in Williams et al. (2006, 2017). In short, a single
date and its associated error are calculated for each homogenous compositional domain
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within an individual monazite grain. Background intensity values are determined from the
multipoint method (Allaz et al., 2019) at a position chosen as the most highlyrepresentative section of a targeted domain. Peak measurements, ideally 6-8, are then
symmetrically arranged around the background point. Uncertainty is determined by
propagating beam and background error through the Pbtotal age equation (Williams et al.,
2006). All reported dates are plotted as Gaussian probability curves, with peak width and
height corresponding to error estimates for asserted compositional populations. A standard
monazite (Moacyr) was run before, between, and after unknown analyses in order to ensure
internal consistency.
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CHAPTER 5
RESULTS

5.1. Map results
The generalized geologic map of the Adirondack Mountains (Fig. 2, McLelland et
al., 2013; Chiarenzelli et al., 2017) provides a great deal of immediate context into the
geometric complexity of the exposed Mesoproterozoic bedrock that underlies the
Adirondack Mountains and North American Grenvillian Province. A quick examination of
map patterns and featured lithologies reveals diverse metaplutonic bodies and regional
scale structures, however, small-scale structures are typically overlooked in regional
compilations, especially on large maps. Detailed observation and mapping of exposed
Mesoproterozoic bedrock in the Rock and Bear Ponds area (RBPA) can offer insight into
the chronology of deformation and succession of tectonic events recorded in the eastern
Adirondack Highlands.
The map pattern for the RBPA (Fig. 6) is dominated by two sets of folds that are
orthogonal to one another. The northern part of the mapping area is dominated by large
east-west trending folds that plunge and trend 50 → 096 and display a subvertical axial
plane cleavage, (090, 80). The southern part of the map area is dominated by large northsouth trending folds that plunge and trend 58 → 164 and display a steeply dipping axial
plane cleavage, (179, 69). Compositional layering and a strong penetrative fabric are
deformed by these folds. Together these structures create a type-1 fold-interference pattern
(Ramsay, 1964) and structural basin. The following sections will provide field observations
and analytical results, including rock unit descriptions, a structural summary,

25

microstructural & petrographic observations, and in-situ compositional data of major
metamorphic phases and monazite, as well as U-Th-Pbtotal monazite dates.
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Figure 6. Geologic & topographic map of the Rock and Bear Ponds Area and
accompanying cross-sections. Topographic base provided by USGS. Cross-section
interpretations are normal to fold axes and not vertically exaggerated.

5.2. Rock unit descriptions
A true stratigraphy of the Adirondack Highlands has remained largely uncertain
due to the high-grade of regional metamorphism and its polydeformational history (Regan
et al., 2015). A pseudo- or tectono-stratigraphy for the RBPA can however be recognized
after considering the nature and structural setting of lithologic contacts. From structurally
lowest to highest the units of the RBPA are felsic orthogneiss, amphibolite, pyritic gneiss,
amphibolite, Bear Pond Schist, and Catamount Schist.
The structurally lowest unit in the field area is a strongly deformed felsic
orthogneiss. Gneissosity is defined by alternating layers of fine-grained hornblende,
biotite, and megacrystic feldspar (Fig. 7). Outcrops of felsic orthogneiss are restricted to
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the southern part of the mapping area along the shores of Rock Pond. A sharp contact is
observed between this unit and strongly-foliated amphibolite, which is structurally above
felsic orthogneiss.
Amphibolite is well-exposed throughout the map area and displays a variety of
textures (Fig. 8). Small bodies of massive and/or garnetiferous amphibolite are observed
in both the northern and southern RBPA, commonly near contacts with paragneiss (pyritic
gneiss & Bear Pond Schist). Discrete tabular outcrops of garnetiferous amphibolite are also
observed within sequences of paragneiss (Bear Pond Schist & Catamount Schist, Fig. 8A).
Amphibolite is also observed both structural below and above the pyritic gneiss near Rock
Pond. In general, amphibolite is pervasive throughout the map area and formed a critical
marker unit during mapping.
Amphibolite bodies are most deformed along contacts with felsic orthogneiss, these
exposures display very ordered and thin (< 2 cm) foliation planes that strike north-south
and dip steeply. In the northern map area, amphibolite is commonly garnet-bearing,
massive, cross-cut by quartz veins, and contains quartzofeldspathic leucosome parallel to
the strong east-west striking fabric. In the southern part of the map area leucosome are
folded, these folds are north-south trending, open-to-tight, asymmetrical, and overturnedto-upright (Fig. 8B). Despite the variety in the exposed amphibolite of the RBPA, this
generalized unit preserves microfolds, leucosome, and strong fabrics that are suggestive of
considerable deformation.
The structurally lowest paragneiss in the map area is a thin (~ 25 m) sequence of
fine-grained pyritic gneiss (Fig. 9A-B). This unit was mined for graphite in the early 20th
century and is well-exposed in a large quarry adjacent to Rock Pond. The quarry is infilled
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by acid mine drainage and standing water thereby restricting accessibility to the main
mining face, nonetheless this unit is still well-exposed around the working and also in a
prominent drainage-tunnel that leads to Rock Pond. The pyritic gneiss contains interbedded
layers of massive quartzite (< 0.5 m) and small (~ 1 mm) veinlets of pyrite & graphite.
Bastin (1910) reported graphite bands up to 12 m wide, however features of this magnitude
were not observed in this study. Graphite and pyrite are typically disseminated and
amorphous, but also occur as euhedral flakes < 0.5 mm in diameter hosted in a rusty
quartzofeldspathic matrix (Fig. 9C-D).
The Bear Pond and Catamount schists are structurally higher than the pyritic gneiss
and are each well-exposed throughout the study area. The contact between these units is
regularly gradational yet it is locally discernable, especially in the northern part of the study
area. These units each exhibit steep-to-subvertical foliations, which are east-west striking
in the northern mapping area and north-south striking in the southern mapping area.
Although these units have similar mineral assemblages, they are distinguishable by quartz
content and stratigraphically.
The Bear Pond Schist is structurally above amphibolite and below the Catamount
Schist. In the field it was primarily recognized by the morphology of foliation planes which
are slabby-to-tabular, it also displays interlayered quartzite up to 30 cm thick (Fig. 10). The
Bear Pond Schist is very fine grained and is composed of quartz, plagioclase, alkalifeldspar, biotite, graphite, and pyrite. Subhedral garnet is also common in this unit. Earlier
mapping of this unit was performed by Walton (1960), who referred to it as the Dixon
Schist, which is also quartzofeldspathic, graphitic, and well-exposed in Ticonderoga.
However, it should be recognized that the Dixon Schist displays a subhorizontal penetrative
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fabric, unlike the subvertical fabric displayed in the Bear Pond Schist (Bastin, 1910;
Williams et al., 2019), thereby suggesting that these units are either tectonostratigraphically
unrelated or rather the same unit with spatially variable deformational histories.
The Catamount Schist is structurally above the Bear Pond Schist and is the
structurally highest unit in the RBPA. It can look quite similar to the Bear Pond Schist in
the field; however, it is usually rustier, more micaceous and commonly exhibits
considerably thinner and less-planar foliation surfaces (Fig. 11A-C). Quartz, sillimanite,
biotite, alkali-feldspar, plagioclase, garnet, and graphite are common in this unit and
typically identifiable in hand sample. Garnet crystals are distinctly oblong and parallel to
the main structural fabric in the northern map area. Interlayered quartzite layers, calcsilicate pods (Fig. 11D), and amphibolite are also locally observed in the Catamount Schist.
All rock units exposed in the RBPA preserve strong penetrative fabrics that form
the axial planar fabrics to the two sets of folds displayed in the map pattern. These fabrics
are defined by biotite, feldspar, quartz, sillimanite, and garnet in paragneiss and
hornblende, biotite, and feldspar in orthogneiss.
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Figure 7. Hand sample image of felsic orthogneiss.
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Figure 8. Images of amphibolite. (A) Massive amphibolite with subvertical leucosome,
locality JM18-037, in D2 structural domain (B) strongly deformed amphibolite with
tightly folded leucosome, in D3 structural domain. Blade for scale, handle ~ 10 cm long
(C) hand-sample of garnetiferous amphibolite, sample JAM-059 (D) subhedral garnet in
garnetiferous amphibolite, sample JAM-059, in PPL. mineral abbreviations: Grt-Garnet,
Qtz-Quartz, Ilm-Ilmenite, Bt-Biotite
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Figure 9. Images of pyritic gneiss (A) Entrance to historic Rock Pond graphite mine and
(B) mine termination, pictures after Hetman et al. (2009). (C) euhedral pyrite and flake
graphite in pyritic gneiss, sample JAM-149, in RPL (D) amorphous graphite with pyrite
inclusion, sample JAM-149, in RPL
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Figure 10. Field image of Bear Pond Schist. Oblique view of sub-vertical tabular
foliation, S2: 089, 77, in D2 structural domain, locality JM18-002.
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Figure 11. Images of Catamount Schist (A) Top-down view of schistosity (S2: 270, 89) in
Catamount Schist, locality, JM18-005 (B) sub-horizontal fabric (S1) defined by very finegrained acicular sillimanite, sample JM18-044B, in PPL (C) sub-vertical fabric (S2: 082,
86), defined by spaced biotite and sillimanite in quartzofeldspathic matrix, sample JM18057, in cross-polarized light (XPL) (D) subvertical (088, 81) calc-silicate pod in
Catamount Schist displaying garnet and hornblende, locality JM18-035.

5.3. Structural analysis
The establishment of structural domains is necessary for isolating individual
deformational components in polydeformational terranes. The rock units of the RBPA are
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highly deformed and strongly folded. The axial planar fabrics associated with these folds
are steep-to-subvertical and well-defined throughout the field area. Measurements of
penetrative deformational fabrics are summarized on equal-angle stereonets in Fig. 12.
The orientation of folding in the RBPA is strongly partitioned north-to-south. The
northern part of the study area contains moderately-plunging tight-to-isoclinal folds with
overturned limbs. The axial planar fabric associated with these folds has an easterly strike
ranging from 075 – 115 (azimuth) and very steep-to-subvertical dips between 70 – 89°
(Fig. 12A). Stereonet analysis (Fig. 12B-D) constrains the average orientation of this fabric
to 090, 80°. Pegmatite and leucosome in this area have an average strike and dip of 091,
78° (Fig. 13) and therefore parallel to the dominant structural fabric. Measurements of
intersection lineations constrain the plunge and trend of northern fold axes to 50° → 096
(Fig. 12E).
Compositional layering (S0) and an early penetrative fabric (S1) are also observed
in the northern RBPA, albeit sparingly. These surfaces are transposed by the
aforementioned east-west trending folds, generally leading to a composite fabric (S2).
Direct observation and measurements of S0 and S1 were difficult to make in the field, so
these fabrics were primarily recognized and characterized in thin section and are prominent
in microfold hinges and discrete yet strong in micro-limb domains.
The absence of compositional interlayering (S0) and furthermore, the deformation
of the S2 fabric and related-leucosome (Fig. 8B) imply that deformation in the southern
RBPA is related to the latest stage of folding (F3) and deformation (D3) in the RBPA. These
folds (F3) are moderately plunging, overturned-to-upright, tight-to-isoclinal, and
asymmetrical with isoclinal limbs and a steeply dipping axial planar fabric (S3). The S3
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fabric displays strikes between 150 – 200, steep-to-subvertical dips between 60 – 85°, and
an average orientation of 179, 69° (Fig. 12F – 12I). Measurements of intersection lineations
constrain the plunge and trend of folding in this area to 58° → 164 (Fig. 12J). It is important
to emphasize that leucosome which are parallel to S2 in the northern RBPA are folded by
north-south trending structures in the southern part of the area. Although F2 and F3 folding
each display moderately plunging axes and steep-to-subvertical axial planar fabrics, a
distinction is made between the two based on the orthogonal nature of their axial planar
fabrics and also from the recognition that the S2 fabric and its related-leucosome are folded
in the southern RBPA, thereby suggesting northern folding (F2) and deformation (D2)
preceded that in the southern part of the study area (D3).
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Figure 12. Stereonet summary of S2, L2, S3, & L3. n = number of measurements. (A) S2
planes; (B) contoured S2 poles-to-planes; (C) average S2 pole-to-plane and accompanying
plane; (D) rose diagram for D2 structural domain; (E) contoured intersection lineations in
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D2 structural domain; (F) all S3 planes; (G) contoured S2 poles-to-planes (H) average S3
pole-to-plane and accompanying plane; (I) rose diagram for D3 structural domain

Figure 13. Stereonet summary of pegmatite & leucosome. (A) strike and dip of
leucosome, pegmatite, and quartz veins in the D2 structural domain (B) contoured polesto-planes, (C) average pole and corresponding plane (091, 78), and (D) rose diagram.

5.4. Microstructural analysis
This section provides a description of S0/1 and S2 as observed in samples of Bear
Pond Schist and Catamount Schist collected from both limb and hinge domains of F2 folds.
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D1-related fabrics are particularly challenging to fully characterize with field observation
alone as they are strongly transposed.
Samples JM18-044A & JM18-044B preserve F2 microfolds. The folded layering
consists of subhorizontal primary layering (S0) and a subhorizontal early fabric (S1). A
subvertical axial planar (S2) is defined by biotite and sillimanite in the microfold presented
in Fig. 14. In Fig. 14B, S0 is marked by alternating quartzofeldspathic and peraluminous
layers. The subhorizontal alignment of stretched quartz inside of garnet (Fig. 14C) define
a very strong S1 fabric. These inclusion trails are subhorizontal in microfold domains (Fig.
14C) and subvertical in micro-limb domains (Fig. 14D) and also preserve compositional
layering, S0, which is inferred from the systematic variation in grain-size between large
lobate quartz and the stretched fine-grained quartz that define S1. These surfaces are
parallel in all analyzed samples of paragneiss, therefore D1 deformation is interpreted to
have resulted in the essentially complete transposition of S0. Abrupt changes in orientation
from sub-horizontal (relict S0/1) to sub-vertical (S2) are also observed in biotite (Fig. 14B)
and sillimanite (Fig. 14E) in F2 microfolds. This transition defines the development of the
subvertical S2 fabric that is prominently featured in the northern RBPA. The subhorizontal
matrix sillimanite and biotite observed in these micro-folds likely grew mimetically over
the S1 fabric during D2 deformation
The prominent subvertical S2 fabric preserved in paragneiss of northern RBPA are
discontinuous, spaced, and defined by a discontinuous alignment of biotite, sillimanite, and
graphite. These fabric-forming phases are commonly isolated in a fine-grained
quartzofeldspathic matrix. Garnet porphyroclasts are seen in both Bear Pond Schist and
Catamount Schist, and are commonly anhedral, elongate parallel to S2, and as presented
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above, overgrow a very strong S1 fabric (Fig. 14C & 14D). Matrix quartz grains and
feldspar are commonly equigranular and exhibit triple-junctions (suggestive of annealing
and possible dynamic recrystallization) (Fig. 14F).
In summary, there are three deformational events preserved in the RBPA. The first
event (D1) resulted in the complete transposition of primary compositional layering (S0) by
an early penetrative fabric (S1) defined by stretched fine-grained quartz inside of anhedral
garnet. In the field, this composite fabric (S0/1) is poorly preserved in paragneiss in the
northern RBPA because it is locally dominated by tight-to-isoclinal folds (F2) that
moderately plunge and have a steep-to-subvertical east-west striking axial planar fabric
(S2). The S2 fabric is defined by anhedral garnet, biotite, sillimanite, and graphite, and
transposes the composite S0/1 fabric. The anhedral habit of garnet is parallel to the S2 fabric
in F2 micro-limb domains and the composite S0/1 fabric, thereby suggesting that garnet
growth was syndeformational and occurred during the transposition of S0/1 by S2.
Quartzofeldspathic leucosome in paragneiss and amphibolite are parallel to the S2 fabric in
the D2 domain and were likely injected between foliation planes during or after the
development of the S2 fabric and F2 folding. The deformation of these leucosome by northsouth oriented folding (F3) in the southern area suggests the occurrence of a D3
deformational event, which resulted in the development of a north-south striking steeply
dipping axial planar fabric (S3).
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Figure 14. Field & microstructural observations of transposition. (A) Transposed
compositional layering, locality JM18-014, view to west (B) Photomicrograph of
microfold, section is oriented normal to F2 axis, note the abrupt transition in biotite
orientation defining the development of the S2 fabric, in reflected polarized light (RPL),
sample JM18-044A (C) JM18-044A, SEM BSE image, 15 kV, 200 nA; fabric (S0/1) is
sub-horizontal (D) JM18-057, SEM BSE image, 15 kV, 200 nA; fabric (S0/1) is subvertical. (E) JM18-044B normal to F2, development of S2 fabric in sillimanite, in plane
polarized light (PPL) (F) Matrix textures in JM18-057: annealed quartz exhibiting triple
junctions, isolated biotite, and graphite, in PPL.
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5.5. Metamorphic petrology & compositions
In order to constrain the conditions of deformations associated with F2 folding,
samples of amphibolite and paragneiss were initially characterized petrographically, then
compositional data of major metamorphic phases were obtained via EPMA with the
ultimate goal of utilizing said compositions in geothermobarometric calculations. All
analyzed phases are associated with the S2 and S3 fabrics. The following are petrographic
and analytical summaries of collected samples from structurally lowest to highest.
Amphibolite, sample JAM-049: The observed metamorphic assemblage in
amphibolite collected near the hinge of an F2 fold in the northern RBPA is Hbl + Pl + Grt
+ Qtz ± Ilm ± Ap. Garnet are euhedral, up to 8 cm in diameter, highly fractured, very
inclusion-rich (ilmenite, quartz, and apatite), and commonly isolated in a fine-grained
equigranular hornblende-plagioclase matrix. Matrix minerals are not strongly aligned and
do not exhibit microstructural textures indicative of extensive penetrative deformation,
however quartzofeldspathic leucosome in amphibolite are present and commonly
subvertical. Compositional traverses of garnet (Fig. 15), plagioclase (Fig. 16), and
hornblende are not indicative of significant compositional heterogeneity; however, zoning
is displayed in matrix plagioclase. XAn is 0.754 in plagioclase (bytownite) of JAM-049 and
was determined by averaging values collected along a 10-point traverse. Compositions of
garnet, hornblende, and plagioclase in sample JAM-049 are presented in table 2.
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Figure 15. Compositional traverse of garnet in amphibolite (JAM-049). 80-pt traverse

Figure 16. Compositional traverse of plagioclase in amphibolite (JAM-049)
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Table 2. Compositional data: JAM-049, amphibolite

*Cations were converted on 12, 23, and 8-O basis for Grt, Hbl, and Pl respectively and 2H in hornblende. Bulk composition determined by whole rock powder XRF and ICP-MS.
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Garnetiferous Amphibolite, sample JAM-059: Garnetiferous amphibolite was
collected within a sequence of paragneiss in the D3 structural domain and displays clusters
of fine-grained subhedral garnet that display irregular grain boundaries that are typically
interconnected (Fig. 8C & 8D). On the thin section scale, garnet can be up to 50% modally.
High-resolution WDS mapping of garnet conducted with a very high current (nA = 1000)
reveals subtle Mg and Ca zonation (XPrpcore = 0.23 to XPrprim = 0.21) that spatially
corresponds with a transition from an inclusion-rich core to a massive mantle (Fig. 17 &
Fig. 18). Matrix minerals, including hornblende, feldspar, and biotite are weakly aligned
and subvertical (201, 80). Grain boundaries between garnet porphyroclasts and biotite are
diffuse suggesting that biotite is retrograde in this sample. Plagioclase in garnetiferous
amphibolite are not abundant, highly-sericitized, and have low XAn values of 0.213
(oligoclase). Alkali-feldspar is abundant in this sample (20% modally), up to 10% K by
oxide weight percentage, and do not display significant compositional heterogeneity.
Hornblende is also common (15% modally) and does not display compositional zoning.
Due to the lack of adequate plagioclase, the employment of Garnet-HornblendeAmphibolite geobarometry in this sample did not yield realistic constraints of pressure (10
– 12 kbar); however, a back of the envelope calculation of using the Al-in-hornblende
geobarometer after Schmidt (1992) yields 6.7 kbar, which is consistent with regional
estimates for the eastern Adirondack Highlands (Bohlen et al., 1985).
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Figure 17. Compositional maps of garnet in amphibolite (JAM-059). (A) Compositional
traverse with location indicated in (B) and high-resolution (nA = 1000) maps (B-E) of
garnet in amphibolite, JAM-059. (F) PPL photomicrograph of analyzed garnet. Mineral
abbreviation: Grt-Garnet, Bt-Biotite, Qtz-Quartz, Ilm-Ilmenite, Ser-Sericite
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Figure 18. Compositional traverse of garnet in amphibolite (JAM-059). 80-point
compositional traverse of garnet in JAM-059 (gap corresponds to a removed Qtzinclusion). For location of traverse, refer to Fig. 16B.
Pyritic gneiss, sample JM18-149: Sample JM18-149 was collected from the hinge
of an F3 fold and contains an observed assemblage of Qtz + Fsp + Ms ± Py ± Gr. Pyrite
and graphite display a variety of textures and are isolated in a very fine-grained
quartzofeldspathic matrix. Anhedral pyrite inclusions are present in coarse irregular
graphite. Pyrite also exists as euhedral crystals and disseminated flakes in small veinlets.
Compositional analysis was not performed on this sample due to its lack of major
metamorphic phases, i.e. garnet and biotite.
Bear Pond Schist, sample JM18-001: The observed metamorphic assemblage in
Bear Pond Schist collected from the limb of an F2 fold is Qtz + Kfs + Grt + Bt + Pl + Gr ±
Py ± Mnz ± Zr. Garnet is morphologically variably, but is commonly anhedral with highly
irregular grain boundaries and abundant inclusions of quartz and apatite. Garnet in sample
JM18-001 do no exhibit compositional zoning in full section WDS maps or optically.
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Matrix biotite, feldspars, and quartz are subvertically aligned and also lack compositional
zonation. The S2 fabric observed in this sample is spaced and transitions from massive
layers of discontinuous biotite to thin zones of pervasive biotite that wrap around euhedral
garnet. Biotite is commonly intergrown with graphite and pyrite, graphite also occurs as
coarse flakes between biotite grains and within microfractures.
Catamount Schist, samples JM18-014 & JM18-057: The Catamount Schist has a
similar mineral assemblage as the Bear Pond Schist; however, sillimanite and plagioclase
are more abundant and flake graphite is rare. The observed mineral assemblage is Qtz +
Kfs + Pl + Bt + Sil + Grt ± Gr ± Py ± Mnz ± Zr. Garnet crystals are anhedral and parallel
to a strong subvertical S2 fabric (112, 72). Full-section mapping (Fig. 20), petrographic
observation, and compositional traverses of two garnet grains in JM18-014 do not indicate
zonation, however XAlm does display subtle variation across both grains, and ranges from
0.69 – 0.80 (Fig. 20A). XPrp, and XGrs are very flat and have average values of 0.22 and
0.03 respectively (Fig. 20B). Inclusion trails of quartz, ilmenite, and apatite are abundant
in garnet. Matrix biotite, plagioclase, quartz, and sillimanite are fine-grained,
discontinuous, and strongly aligned. Two 10-point compositional traverses were performed
in two grains of plagioclase, and do not display significant compositional variation,
however plagioclase 2 does exhibit a relatively abrupt increase in XAb near grain
boundaries (Fig. 20C). Plagioclase 1 and 2 in JM18-014 both yield average XAn values of
~0.28, therefore plagioclase in this sample is classified as oligoclase. Full compositions for
analyzed garnet and feldspar in JM18-014 are presented in table 3. Biotite in JM18-014
and JM18-057 do not display compositional zoning and can be classified as phlogopite
(Fig. 20D) after the classification scheme of Wlodek et al. (2015). Compositions of
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analyzed biotite in JM18-057 are presented in table 4 and locations of analyzed grains are
presented in full section compositional maps in Fig. 21.

Figure 19. Full-section compositional maps of Catamount Schist (JM18-014). View of S2
(112, 72); step size = 35 μm, dwell time = 25 ms, I = 200 nA, and V = 15.0 kV. (A) Mg
Kα, yellow: Grt, white: Bt, black: Qtz, Sil, Fsp (B) Ca Kα, white: Pl, purple: Grt, black:
Qtz, Sil, Bt (C) K Kα, yellow: Bt, white: Kfs, purple/black: Grt, Qtz, Sil (D) Fe Kα,
orange: Bt, white: Grt: purple/black: Qtz, Fsp, Sil. Refer to table 2 for compositional data
of traversed phases, i.e. Grt and Pl.
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Figure 20. Compositional traverses of garnet & feldspar in JM18-014. 40-pt in garnet,
(inclusions removed)- (A) garnet 1 and (B) garnet 2 in graphitic metapelite (JM18-014),
refer to fig. 3 for thin section location. (C) 10-pt traverse of plagioclase in graphitic
metapelite (JM18-014). (D) Biotite classification (after Wlodek et al., 2015) of individual
biotite grains in graphitic metapelite (JM18-014 and JM18-057), filled in markers are
average compositions for each sample.
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Table 3. Compositional data: JM18-014, paragneiss

*Grt and Pl converted on a 12- and 8-O basis respectively; mineral compositions are
averages of multipoint traverses (inclusions removed).
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Table 4. Compositional data: JM18-057, paragneiss

*Bt converted on a 22-O and 2-H basis, reported values are a 2-point average
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Figure 21. Full-section compositional maps of Catamount Schist (JM18-057). (E) hand
sample with thin section location and orientation (F) Ca Kα, yellow: Pl, purple: Grt,
black: Qtz, Bt (G) K Kα, yellow: Kfs, pink: Bt, black/purple: Qtz, Grt, Kfs and (H) Mg
Kα, yellow: Bt, pink: Grt, black/purple: Qtz, Pl, Kfs. *notch is in bottom right corner for
each map
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The peak M1 assemblage remains enigmatic as there is no evidence for M1
porphyroblasts or high-grade. Stretched fine-grained quartz defines a very strong S1 fabric
that completely transposed primary compositional layering (S0), which is observable as
alternating meta-psammitic and meta-pelitic layers and also within anhedral garnet
porphyroblasts. The composite S0/1 fabric in garnet does not provide many textures or
insight into the nature of M1 metamorphism or any potentially related-anatexis. It is a
remnant fabric however, so it comes as no surprise that potential evidence for M1 is
minimal.
The peak M2 assemblage is SilAS + AlmGrt + PhlBt in paragneiss and Hbl + Pl + Grt
in amphibolite. In paragneiss, the spaced S2 fabric is defined by these M2 minerals,
including subhedral-to-euhedral biotite, bladed sillimanite, and anhedral garnet (which,
overgrow S0/1). In amphibolite, this S2 fabric is defined by subhedral hornblende and
biotite. Quartzofeldspathic leucosome (± Grt) are parallel to the S2 fabric in both paragneiss
and amphibolite and may have been injected between foliation planes following or syn-D2
deformation.
It is important to note that the type-1 fold-interference pattern displayed in the study
area presents inherent challenges with respect to deconvolving the timing of folding.
Furthermore, the similarities in M2 and M3 mineral assemblages and D2 and D3
microstructural textures further complicated ascertaining this deformational history. Yet,
these similarities also suggest that M2 and M3 assemblages developed under similar
conditions, likely during one tectonometamorphic event.
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5.6. Geothermobarometry
Following petrographic observation and compositional determination, select phases
were employed in geothermobarometric calculations. Textural observation of sharp grain
boundaries, the lack of compositional zoning in garnet and plagioclase, as well as the
ubiquitous presence of aluminosilicate (Sil) and quartz deemed the use of garnetaluminosilicate-silica-plagioclase geobarometry appropriate in sample JM18-014. The use
of Grt-Hbl-Pl geobarometry in amphibolite was also appropriate for sample JAM-049 as
petrographic observation suggested that these phases equilibrated. Furthermore,
compositional traverses revealed minimal compositional zoning or heterogeneity, and
results that satisfied the geochemical criteria required for the Grt-Hbl-Pl geobarometer
calibration as specified by Kohn & Spear (1989). Metamorphic pressure was calculated
between 400 – 1000 °C and graphical results from GASP and Grt-Hbl-Pl geobarometry are
presented in Fig. 22 and Fig. 23 respectively. Both geobarometers produced lines that
constrain metamorphic pressure to ~6 – 8.5 ± 1 kbar from 600 – 800 °C, i.e. regionally
reported values (Bohlen et al., 1985, 1987).
Compositions of S2-defining biotite in sample JM18-057 were employed in the Tiin-biotite geothermometer (Wu & Chen, 2015). Biotite in this sample is un-zoned and four
out of five analyzed grains did not exhibit bulk compositions suggestive of any alteration
to chlorite, thereby making the use of Ti-in-Biotite geothermometry highly suitable.
Results from this sample produce a line with a slope of 0.0942 kbar °C-1 and ranges in
metamorphic temperature from ~650 – 750 ± 50 °C. Compositions of S2-defining biotite
in sample JM18-014 were also employed for Ti-in-biotite geothermometry. Of the five
biotite grains analyzed in this sample, two grains yielded bulk compositional data of less

58

than 90% and were not considering for geothermometric calculations. The remaining three
grains yielded reasonable bulk compositions (~95 %) and an average composition which
yielded PT data consistent with sample JM18-057, ranging from ~600 – 690 ± 50 °C (Fig.
24).
The graphical intersection of the lines produced from GASP geobarometry, GrtHbl-Pl geobarometry, and Ti-in-biotite geothermometry converge in the upper
amphibolite- to granulite- facies, 650 – 725 ± 65 °C and 6 – 8 ± 1 kbar (Fig. 25). Additional
constraints of PT conditions were provided by placing the observed M2 assemblages in
paragneiss onto a petrogenetic grid. The generalized petrogenic grid of pelites after Cheney
& Spear (1989) suggests that the observed assemblage of SilAS + AlmGrt + PhlBt grew
between 600 – 800 °C and 6.5 – 7.5 kbar (Fig. 26). These results are consistent with the
geothermobarometric results presented earlier and regional calculations provided in many
studies (Bohlen et al., 1985, 1987; Spear & Markussen, 1997; Storm & Spear, 2005).
Insight into the metamorphic conditions of the RBPA were determined with
traditional geothermobarometry of paragneiss and amphibolite and also from petrogenetic
estimates of the observed M2 assemblage in paragneiss using the petrogenetic grid of pelitic
rocks after Cheney & Spear (1989). Geothermobarometric data were produced using
compositions of M2 minerals that define the S2 penetrative fabric, thereby suggesting that
calculated PT reflect conditions during D2 deformation. Furthermore, similarities between
M2 and M3 assemblages suggest that these conditions may be applicable to the D3 event as
well. The integration of microstructural observations, compositional data, and estimates of
PT from geothermobarometry was critical for understanding the nature of deformation and

59

metamorphism in the RBPA, and extrapolating local insight into a greater tectonic
framework for the Adirondack Highlands.
GASP geobarometry – JM18-014

Figure 22. GASP geobarometry of Catamount Schist (JM18-014). Calculations from two
grains of plagioclase and garnet in Catamount Schist. The solid black line was calculated
using average compositions from the two analyzed grains of plagioclase and garnet
respectively.
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Figure 23. Grt-Hbl-Pl in amphibolite geobarometry (JAM-0490. Compositions were
determined by multi-point traverses and average values were used to calculate the
corresponding Mg- and Fe-Calibration lines.

Figure 24. Ti-in-biotite in graphitic metapelite geothermometry. Lines were determined
from the average composition of 4 grains in JM18-057 and 3 grains in JM18-014.
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Figure 25. Geothermobarometry summary & metamorphic facies. Results are
superimposed over standard metamorphic facies. The red regions indicate M2 PT
conditions (darker red is a lower estimate and lighter red is an upper estimate).
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Figure 26. Petrogenetic grid of pelites. After Cheney & Spear (1989) for KFMASH
system in pelite. Blue region represents interpreted assemblage, Alm + As (Sil) + Phl +
Qtz. Lighter lines correspond to KFASH equilibria, dashed gray lines are for KMASH
equilibria, and heavy
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5.7. Monazite geochronology & compositions
Monazite is a powerful geochronometer for a multitude of reasons, however, its
tendency to preserve compositional zonation is especially useful for interpreting
tectonometamorphic events in general (Williams et al., 2017). Furthermore, the ability to
extract precise compositional data from domains in monazite via EPMA allows for the
pairing of geochemical and in-situ U-Th-Pbtotal data, thereby offering a means to date
reactions within the context of their microstructural domains. In total, more than 70
monazite grains in four samples of paragneiss collected from the RBPA were analyzed by
electron probe. Samples of paragneiss utilized for monazite analysis were JM18-001,
JM18-014, JM18-044A, JM18-044B, and JM18-057. Collected Y & Th compositional
maps are presented in Appendix A.
High-resolution WDS mapping of monazite grains revealed sharp compositional
boundaries in nearly all analyzed grains. The geometry of compositional domains is highly
variable; however, grains commonly display somewhat concentric albeit elliptical
domains. Blocky-to-patchy textures are also observed. Based on Y, Th, and U
compositional maps, monazite analyzed in this study collectively display four main
zonation domains, including: (1) high-Y cores (2) very high-Y outer cores (3) low-Y
mantles and (4) med-Y rims. Calculated dates, related 2σ errors, and summarized
compositional data (i.e. Th, U, Y, Pb, ΣHREE’s, & ΣLREE’s) for individual monazite
domains are reported in Table 5.
The high-Y cores yield a weighted mean date of 1174 ± 5 Ma (n = 5, where n refers
to the number of domains analyzed per reported date). These grains are spatially-restricted
to inclusion trails hosted in anhedral garnet, small (< 15 μm in diameter), and surrounded
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by either very high-Y outer cores or more commonly large low-Y mantle domains. Very
high-Y outer cores can contain up to 30000 ppm Y and display a variety of morphologies,
even amongst grains within the same sample. These very high-Y cores yield a weighted
mean date of 1068 ± 7 Ma (n = 39). Surrounding these domains, are very low-Y (< 5000
ppm) amorphous-to-euhedral mantles that are locally surrounded by medium-to-high Y (>
8000 ppm) overgrowths or rims. The weighted mean date yielded from analyzed mantle
domains is 1048 ± 4 Ma (n = 20). There are two populations of rim domains, which yield
dates of 1023 ± 6 (n = 18) and 981 ± 7 (n = 14) respectively. Rims in the 1023 Ma
population display Y between 5000 – 10000 ppm and the younger 981 Ma population
contains higher amounts of Y, between 7500 – 25000 ppm.
The temporal distribution of these populations is summarized in Fig. 27, and their
microstructural distribution was used to place absolute timing constraints on the
development of penetrative fabrics and also major metamorphic reactions involving garnet
and other Y- and/or HREE-bearing phases. The compositional and U-Th-Pbtotal data offered
from the in-situ microanalysis of monazite by electron probe fundamentally bridge the gap
between microstructural observation and petrology, and are therefore critical for
incorporating local deformational in the RBPA into to the regional tectonic evolution of
the Adirondack Highlands.
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Table 5. Monazite compositional & U-Th-Pbtotal data
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*Σ HREE’s excludes Y and Gd.

Figure 27. Mean weighted dates of monazite populations. Populations determined by
[Y]Mnz. Width of peaks corresponds to magnitude of 2σ. n = number of grains per
population and color scheme corresponds to Y abundance (ppm), [Y]Mnz.
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CHAPTER 6
DISCUSSION

6.1. Introduction
Seeing through metamorphic overprints in polydeformational terranes is critical for
building coherent tectonic models. Tectonism reported in the Adirondack Mountains is
long-lived yet segmented, therefore resolving structures and metamorphic conditions
associated with the ca. 1190 – 1140 Ma Shawinigan vs. ca. 1090 – 1020 Ma Ottawan
tectonometamorphism remains challenging. In the Adirondack Highlands this can be
particularly difficult as each event is interpreted to have been associated with regional
deformation, high-grade metamorphism, and extensive magmatism (McLelland et al.,
2013; Chiarenzelli et al., 2017; Williams et al., 2019).

6.2. Local structural evolution & metamorphism
The Rock and Bear Pond area (RBPA) exposes paragneiss and orthogneiss that
preserve the polydeformational history of the eastern Adirondack Highlands. Detailed
geologic mapping and field observations have revealed that the RBPA is a structural basin
defined by a type-1 fold-interference pattern (Ramsay, 1964) and steep-to-subvertical
penetrative fabrics that are east-west and north-south striking in the northern and southern
parts of the field area respectively (Fig. 6). S0/1, S2, and S3 fabrics were observed and imply
that the area experienced at least three deformational events or pulses – D1, D2, and D3.
Fundamentally, the S2 and S3 fabrics in the RBPA have similar mineral assemblages and
are interpreted to have developed closely in time.
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The S1 fabric is the strongest penetrative fabric in the RBPA and represents the
complete transposition of S0. The composite S0/1 fabric is now a remnant fabric that is
solely defined by highly-stretched fine-grained quartz inclusions in garnet. It is interpreted
to have been overprinted, i.e. removed, by D2 deformation based on the observation that it
is commonly overgrown by S2-parallel anhedral garnet. Furthermore, the relict nature of
the S1 fabric and the lack of major metamorphic phases that define it do not provide much
insight into the nature of M1. There is no evidence for M1-related high-grade
metamorphism or anatexis; however, the complete transposition of S0 by S1 and very
strained quartz inclusions in garnet implies that D1 deformation likely resulted in
significant regional shortening and perhaps folding.
A population of small (<15 μm) euhedral monazite cores is observed within and
adjacent to S0/1 inclusion trails in garnet and yields a mean weighted date of 1174 ± 5 Ma.
Based on this structural setting, the earliest phase of monazite growth in the RBPA is
interpreted to coincide with D1 deformation and early M1 metamorphism. High [Y]Mnz, up
to 17000 ppm, are observed in these domains and suggests that these cores and the
development of the S1 fabric likely preceded significant garnet growth and postdated the
breakdown of a strongly Y-incorporating phase, such as xenotime, YPO4, or allanite, (Ce,
Ca, Y, La)2(Al, Fe+3)3(SiO4)3(OH), (Pyle & Spear 1999; Zhu & O’ Nions 1999; Pyle et al.
2001; Yang & Rivers 2002). Elevated total HREE abundances in this monazite population
favor the prograde breakdown of xenotime, due its stronger partitioning of HREE’s (Engi,
2017). The remnant nature of the S1 fabric prohibited direct observation of the M1
assemblage; however, the relatively high-Y monazite cores associated with this fabric are

71

interpreted to have grown during M1 and suggest that this phase of tectonometamorphism
resulted in the prograde breakdown of xenotime with minimal garnet growth.
The S2 and S3 fabrics are less pronounced than the S0/1, and are weakly defined by
discontinuous biotite, sillimanite, and anhedral garnet in both Bear Pond Schist and
Catamount Schist. Hornblende and plagioclase define these fabrics in amphibolite. In F2
limb domains in paragneiss, the composite S0/1 fabric is weakly transposed by S2, but in F2
fold domains they are sub-perpendicular to one another; these discrepancies suggest that
D2 deformation did not result in the complete overprinting of D1. The leucosome and quartz
veins parallel to S2 in both paragneiss and amphibolite are interpreted to have been injected
between foliation planes during or after D2 deformation and S2 fabric development. D3
deformation is interpreted to have resulted in the tight-to-isoclinal folding of S2 and its
associated leucosome and the development of the S3 fabric. Yet, despite dominating the
field area, these latter fabrics are weaker than the composite S0/1 fabric.
Petrogenetic relationships of the M2 mineral assemblage in paragneiss and
geothermobarometric calculations of M2 phases in both paragneiss and amphibolite suggest
that peak metamorphic conditions between 600 – 800 °C and 6 – 8 kbar in the RBPA. M2
and M3 are interpreted to be high-grade metamorphic events based on these data, because
the compositions utilized in geothermobarometric calculations define the S2 fabric, these
conditions are interpreted to be associated with local folding and fabric development during
the D2 and D3 events.
Monazite associated with the S2 fabric does not preserve dates older than ca. 1090
Ma, and commonly contain multiple compositional domains. Ca. 1090 – 1070 Ma monazite
cores contain concentrations of Y up to 30000 ppm, and are therefore interpreted to have
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grown after prograde xenotime breakdown. The very elevated values of Y & HREE’s in
S2-related monazite cores additionally imply that these domains likely grew before
significant garnet growth. Garnet growth is interpreted to have occurred from ca. 1070 –
1050 Ma based on the dramatic decrease in Y & HREE’s in multiple monazite grains from
core-to-mantle during this period (Fig. 28 & Fig. 29). These timing constraints from
multiple compositional domains in monazite and microtextural observations imply that D2
and perhaps D3 deformation resulted in regional shortening, tight-to-isoclinal folding, and
the incomplete transposition of the earlier composite S0/1 fabric from ca. 1090 – 1050 and
also syntectonic garnet growth and amphibolite-grade metamorphism from ca. 1070 – 1050
Ma.
The recognition of steep-to-subvertical fabrics, tight-to-isoclinal folding, and a
structural basin in the RBPA suggests that regional contraction occurred during the D2 and
D3 events. A nearly completed transposition of the composite S0/1 fabric by S2 further
suggests that F2 folding resulted in significant shortening. Due to the discontinuous nature
of the S2 and S3 fabrics, as well as the lack of compositional zoning in major metamorphic
phases associated with M2, the tectonism associated with these events is interpreted to have
had a thermal component, which outlasted deformation. A major contributor to this thermal
component could have been shortening and therefore crustal thickening, which could have
elevated the regional geotherm and allowed for upper amphibolite- to granulite-facies
metamorphism. The D2 and D3 events could have caused significant regional contraction
and crustal thickening, thereby setting the stage for elevated thermal conditions and
delamination and syndeformational high-grade metamorphism as suggested by McLelland
et al (2013).
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Figure 28. Trend in [Y]Mnz (ppm) over time (Ma). Vectors connect domains (grey circles)
analyzed within the same grain.

Figure 29. Trend in [ΣHREE’s]Mnz (ppm) over time (Ma).
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6.3. Tectonic implications: Seeing through the Ottawan overprint
Chiarenzelli et al. (2017) proposed that the ca. 1190 – 1160 Ma phase of the
Shawinigan Orogeny involved the closure of the Trans-Adirondack Basin during the
suturing of Adirondack-related terranes to the southern Laurentian margin. Regional
contraction and the subsequent thrusting, nappe folding, and crustal thickening associated
with the closure of this basin could have driven D1 deformation in the RBPA. Temporal
constrains from the population of 1174 ± 5 Ma monazite cores associated with the
composite S0/1 fabric in paragneiss imply that D1 deformation is related to this early pulse
of the Shawinigan Orogeny. The microstructural recognition that these early high-Y cores
occur in a strongly transposed S0/1 composite fabric further suggests that D1 resulted in
considerable shortening, the prograde breakdown of xenotime, and no significant growth
of garnet or high-grade metamorphism in the RBPA during the early Shawinigan Orogeny.
Williams et al. (2019) presented pseudosection compositional modelling and insitu monazite geochronology of peraluminous migmatitic metapelite collected < 10 km
away from the RBPA. They interpreted high-grade metamorphic conditions, 725 – 825 °C
and 6 – 9 kbar, and significant anatexis during the earlier phase of the Shawinigan Orogeny.
Evidence for partial melting and high-grade metamorphism at this time in the RBPA is not
evident in the RBPA. U is especially important to consider as it is more partitioned into
monazite than other phases in the presence of fluid/melt (Stepanov et al., 2012), large
divergences in [U]Mnz are therefore interpreted to coincide with melting and/or fluid flow
events. These trends are not observed in the monazite domains interpreted to have grown
during the Shawinigan Orogeny (Fig. 29), thereby suggesting that paragneiss in the RBPA
did not experience significant Shawinigan-related partial melting or high-grade
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metamorphism despite their close proximity to migmatitic metapelite, which clearly did.
The juxtaposition of rocks that underwent anatexis with those exposed in the RBPA
highlights sharp heterogeneity of preserved Shawinigan metamorphic conditions in the
Adirondack Highlands.
Due to the aforementioned discrepancy in partial melting, one could reasonably
interpret that the heterogeneous field gradient in the Adirondack Highlands was established
during the Shawinigan Orogeny. Yet, it is important to acknowledge that the RBPA
preserves multiple phases of deformation. The latter deformational phases, D2 and D3, are
interpreted to have occurred during the ca. 1090 – 1020 Ma Ottawan Orogeny.
Furthermore, M2- and M3-related metamorphic assemblages and the steep-to-subvertical
S2 and S3 penetrative fabrics dominate the RBPA and almost entirely overprint D1 and M1,
therefore it could perhaps be plausible that this field gradient could be related to the
Ottawan Orogeny.
The Ottawan Orogeny is well-recorded regionally and has been broken down into
a ca. 1090 – 1050 Ma prograde phase and a ca. 1050 – 1020 Ma collapse phase by many
studies (Wong et al., 2012; McLelland et al., 2013; Regan et al., 2019). Traditionally, it
has been presented that this event may have involved large-scale continent-to-continent
style collision between the Adirondack region and an exotic terrane, perhaps Amazonia
(Dalziel, 1991, 1997; McLelland et al., 1996, 2013; Rivers et al., 2008). Whether or not
Amazonia collided with Laurentia cannot be sufficiently addressed by observations from
the RBPA alone. Nonetheless, local shortening is interpreted to have affected the RBPA
during the Ottawan Orogeny as F2 and F3 folding have been temporally constrained to the
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earlier prograde phase based on microstructural observation and in-situ monazite
geochronology.
Monazite cores associated with the S2 fabric with very high-Y yield dates between
ca. 1090 – 1070 Ma and are interpreted to have grown during or after the prograde
breakdown of xenotime and before peak garnet growth, which is interpreted as syntectonic
and constrained to ca. 1070 – 1050 Ma based on the large drop in [Y]Mnz and [HREE]Mnz
from 1068 ± 7 core to 1048 ± 4 Ma mantle domains. The tight-to-isoclinal F2 and F3 folds
and steep nature of the S2 and S3 penetrative fabrics, as well as the nearly complete
transposition of the S0/1 composite fabric by S2, implies that shortening was considerable
and likely driven by sub-horizontal tectonic compression. The integration of
microstructural observation and monazite petrochronology implies that prograde
metamorphism, syndeformational garnet growth, the transposition of a pre-existing
Shawinigan S0/1 fabric, and the development of the S2 and S3 fabrics during F2 and F3
folding in the RBPA resulted from regional shortening and crustal thickening during the
early ca. 1090 – 1050 Ma stage of the Ottawan Orogeny.
As shown in Fig. 4, regional PT data (Bohlen et al., 1985) suggested that
metamorphic conditions were quite homogeneous throughout the Adirondack Highlands.
The correlation of these data with the PT conditions constrained from S2-defining phases
in paragneiss and amphibolite of the RBPA suggests that this homogeneous metamorphism
is associated with Ottawan-related D2 and D3 deformation. High-grade metamorphism is
therefore interpreted to have homogeneously affected the regional Adirondack Highlands
during the early prograde phase of the Ottawan Orogeny.

77

There

is

little

evidence

for

homogeneous

high-grade

Shawinigan

tectonometamorphism as paragneiss in the RBPA do not preserve any evidence of highgrade metamorphic assemblages and/or migmitization as those described by Williams et
al. (2019) and others in the eastern Adirondack Highlands (Heumann et al., 2006). If
Shawinigan partial melting had affected the RBPA, one would expect ca. 1160 – 1140 Ma
monazite domains with low-U, which are present elsewhere in the region (Fig, 30;
Williams et al., 2019; Wong et al., 2012), it seems unlikely that Ottawan metamorphic
overprinting could completely erase such monazite domains in the RBPA, especially
considering that a population of older 1174 ± 5 Ma monazite cores were observed. If there
was homogeneous high-grade metamorphism during the Shawinigan Orogeny, then the
sharp eastern Adirondack Highland field gradient may be related to the juxtaposition of
different crustal levels by post-Shawinigan (i.e. Ottawan) structures. Conversely, the synmetamorphic emplacement of the AMCG suite may have enhanced already steep
Shawinigan field gradients. The juxtaposition of high-grade Shawinigan migmatitic
metapelite with the metapelite in the RBPA suggests spatially variable Shawinigan
tectonometamorphism.
Susceptibility to partial melting is also locally dependent on inherent properties of
rocks, such as compositional variability and mineral assemblages. The paragneiss of the
RBPA could have experienced similar Shawinigan tectonometamorphic conditions as
nearby migmatite without anatexis because they simply lacked the assemblages necessary
for melting. The paragneiss of the RBPA have a significant amount of graphite, which is
commonly intergrown with biotite. Interpreted melting reactions in the Williams et al.
(2019) migmatite involve the dehydration of biotite. Graphite has been shown to serve as
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a buffer of oxygen fugacity experimentally (French & Eugster, 1965) and could have
inhibited the dehydration of biotite in the RBPA, yet, graphite is only intergrown with S2and S3-defining biotite, therefore the role of this fugacity buffer during the Shawinigan
Orogeny remains enigmatic. Furthermore, there is no significant evidence that a graphite
buffer inhibits partial melting, additionally, the migmatic metapelite presented in Williams
et al. (2019) and paragneiss of the RBPA are not that different compositionally. Each are
peraluminous, hydrous, and contain similar minerals including garnet, sillimanite, biotite,
and even graphite. The composition of metapelite in the RBPA was also suitable for garnet
growth, as it occurred during the Ottawan Orogeny, therefore the absence of earlier garnet
suggests that the heterogeneous field gradient in metamorphic grade may be related to the
Shawinigan tectonometamorphism. Closer mapping and in-situ monazite petrochronology
of Shawinigan-related structures are necessary for further insight into why the Shawinigan
Orogeny affected the eastern Adirondack Highlands so variably.
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Figure 30. Trend in [U]Mnz (ppm) over time (Ma).

6.4. Tectonic implications: Ottawan collapse
Many studies have proposed that the latter ca. 1050 – 1020 Ma phase of the Ottawan
Orogeny resulted in retrograde metamorphism and syntectonic extensional collapse in the
Adirondack Highlands (Wong et al., 2012; Regan et al., 2019; Williams et al., 2019).
Monazite rims with medium- to high-Y and Th were observed in association with the S2
fabric and constitute two populations that yielded dates of 1023 ± 6 (ppm) and 981 ± 7 Ma
(ppm) respectively. Wong et al. (2012) described oriented monazite rims in metapelite
collected from the eastern Adirondack Highlands < 50 km south of the RBPA that preserve
similar temporal trends in Y & HREE from core-to-rim, i.e. ca. 1050 – 1020 Ma, as those
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observed in the paragneiss of the RBPA. The lack of oriented monazite rims in the RBPA
is interpreted to reflect the absence of large-scale extensional structures in the field area,
which is dominated by vertical fabrics that are interpreted to have formed during regional
shortening associated with the early ca. 1090 – 1050 Ma prograde phase of the Ottawan
Orogeny (Wong et al., 2012). That is to say, monazite in the RBPA record cooling and
decompression but the region was not actively deforming at this time.
McLelland et al. (2013) suggested that delamination was critical for crustal heating
and may have therefore been significant with regards to weakening the lower crust and
driving extensional collapse. There is no observable evidence for delamination in the
RBPA such as voluminous igneous bodies or extensive melting. Instead, the steep-tosubvertical penetrative fabrics, structural basin, and results from in-situ monazite
geochronology suggest that considerable crustal thickening affected the RBPA during the
early Ottawan Orogeny. This thickening could also drive elevated geothermal conditions,
therefore early Ottawan-related deformation is interpreted to have resulted in crustal
overthickening and heating, ultimately resulting in ca. 1050 – 1020 Ma syntectonic
gravitational collapse and retrograde metamorphism as presented in Wong et al. (2012) and
Regan et al. (2019).
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CHAPTER 7
CONCLUSION

The Adirondack Mountains are one of the foremost studied high-grade
metamorphic terranes, yet despite long-standing geologic attention, the role of Shawinigan
vs. Ottawan tectonometamorphism and deformation remain uncertain. The Rock and Bear
Ponds area (RBPA) contains excellent exposures of graphitic metapelite and amphibolite
that record this polydeformational history. Attributing deformational components to
specific orogenic events is critical for building consistent tectonic models and
understanding intermittent crustal evolution. High-resolution field mapping and detailed
microanalysis of metapelite and amphibolite collected from the RBPA have provided
insight into the linkages between tectonometamorphism and deformation preserved in the
eastern Adirondack Highlands.
The earliest deformational fabric observed in the RBPA is a strong S1 fabric defined
by fine-grained elongate quartz inclusions in anhedral garnet. This early fabric completely
transposes compositional layering (S0) in paragneiss and preserves a subhorizontal
orientation in F2 fold hinges and a subvertical orientation in F2 fold limbs. High-Y monazite
cores associated with this fabric yield a weighted mean date of 1174 ± 5 Ma. If these
monazite cores grew during the development of S1, then D1 deformation likely occurred
during the ca. 1190 – 1160 Ma phase of the Shawinigan Orogeny. This phase is recognized
as collisional by many workers (McLelland et al., 2013; Chiarenzelli et al., 2017; Regan et
al., 2019; Williams et al., 2019). The composite S0/1 fabric has been deformed into an eastwest- striking vertical-to-subvertical axial planar (S2) fabric, which defines the axial planar
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cleavage of tight-to-isoclinal moderately plunging east-west trending folds (F2) in the D2
domain of the northern RBPA. In the D3 domain of the southern RBPA, the S2 fabric and
S2-associated leucosome are deformed by tight-to-isoclinal moderately plunging northsouth trending folds (F3) with a south striking steeply dipping axial planar (S3) fabric.
The S2 and S3 fabric are each spaced and contain quartzofeldspathic matrixes in
paragneiss with microstructural evidence for annealing including triple junctions
(indicative of annealing) and equigranularity. Monazite in the S2 fabric typically display
Y, Th, and U zoning, these compositional domains yield dates that span ca. 1090 – 980
Ma. Very high-Y monazite cores (up to 30000 ppm) yield a weighted mean date of 1068 ±
7 Ma and are interpreted to have grown after the breakdown of xenotime, after the
transposition of S0/1, and before significant garnet growth. Garnet growth may have
occurred ca. 1070 - 1050 Ma as based on monazite mantles with very low-Y, < 2500 ppm
and a mean weighted date of 1048 ± 4 Ma. These results suggest that F2/F3 folding, S2/S3
fabric development, and regional shortening occurred ca. 1090 – 1050 Ma, during the early
prograde phase of the Ottawan Orogeny. This orogenic event is interpreted as collisional
in the RBPA based on the recognition of these shortening-related penetrative fabrics.
Geothermobarometry and petrogenetic relationships of S2-defining phases, i.e. Grt
+ Pl + Bt in metapelite and Grt + Hbl in amphibolite, yield PT calculations that constrain
metamorphism during S2-development to the upper-amphibolite facies, 600 – 800 °C ± 50
and 6 – 8 ± 1 kbar. The timing, microstructural context, and similarity of PT data calculated
from S2-defining phases in paragneiss and amphibolite of the RBPA with those reported
regionally by multiple studies (Bohlen et al., 1985; Spear & Markussen, 1997; Storm &
Spear, 2005) imply that the homogeneous concentric distribution of regional PT data in the
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Adirondack Mountains reflects Ottawan-related tectonometamorphic conditions imposed
on rocks preserving heterogenous Shawinigan metamorphism . The Shawinigan
metamorphism is interpreted as heterogeneous because migmatitic metapelite near the
RBPA preserve monazite that record a significant Shawinigan partial melting (Williams et
al., 2019). This abrupt discrepancy in Shawinigan metamorphism may support steep
gradients in Shawinigan metamorphic temperatures (possibly influenced by synmetamorphic intrusions) or alternatively they may indicate the presence of postShawinigan structures that have juxtaposed distinct metamorphic domains.
Monazite grains associated with S2 also preserve thin rims which display high-Y
and form two distinct populations which yield weighted mean dates of 1023 ± 6 (Yavg ~
8800) and 981 ± 7 Ma (Yavg ~ 10500). A dramatic increase is observed in [Y]Mnz from
mantle-to-rim domains in many monazite grains and is interpreted to reflect garnet
breakdown related to regional decompression and/or cooling as suggested by Wong et al.
(2012) and others (Regan et al., 2019). This retrogression may have resulted from the
orogenic collapse described elsewhere in the eastern Adirondack Highlands by Wong et al.
(2012) and several recent studies (Regan et al., 2019; Williams et al., 2019). Monazite rims
in the RBPA are commonly unoriented and show no evidence for preferential growth, this
area therefore records regional extension but was not actively deforming at this time.
The distinct “U-shaped” profile in Ottawan-aged monazite indicates that monazite
in the Rock and Bear Pond area preserve a full prograde orogenic cycle including xenotime
breakdown, peak garnet growth, garnet breakdown, and late hydrothermal perturbances.
The microstructural context of these grains suggests that prograde metamorphism occurred
during the tight-to-isoclinal upright folding at ca. 1090 – 1050 Ma. Retrograde
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metamorphism and regionally-recognized extensional collapse affected the RBPA and are
interpreted to have occurred ca. 1050 – 1020 Ma based on the recognition of high-Y
monazite rims. A younger ca. 980 Ma population of monazite rims (also high-Y) suggests
a regional hydrothermal event at this time as suggested by Lupulescu et al. (2011).
These interpretations could only be made through the bottom-up integration of field
observations, petrography, microstructural analysis, traditional geothermobarometry, and
in-situ petrochronology of monazite. Fundamentally, this approach to addressing
polydeformational terrane evolution begins with high-resolution field mapping. A
combination of traditional detail-oriented geology with advanced analytical approaches,
specifically electron probe microanalysis and geothermobarometry, provides an exciting
and powerful means for identifying microstructural domains, seeing through metamorphic
overprinting, and interpreting intricate tectonic events.
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APPENDIX
MONAZITE GRAIN MAPS
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